This study was performed to investigate the role of galectin-1 (Gal-1) in epithelial ovarian cancer (EOC) progression and chemoresistance. Tissue samples from patients with EOC were used to examine the correlation between Gal-1 expression and clinical stage of EOC. The role of Gal-1 in EOC progression and chemoresistance was evaluated in vitro by siRNA-mediated knockdown of Gal-1 or lentivirus-mediated overexpression of Gal-1 in EOC cell lines. To elucidate the molecular mechanisms underlying Gal-1-mediated tumor progression and chemoresistance, the expression and activities of some signaling molecules associated with Gal-1 were analyzed. We found overexpression of Gal-1 in advanced stages of EOC. Knockdown of endogenous Gal-1 in EOC cells resulted in the reduction in cell growth, migration, and invasion in vitro, which may be caused by Gal-1's interaction with H-Ras and activation of the Raf/extracellular signal-regulated kinase (ERK) pathway. Additionally, matrix metalloproteinase-9 (MMP-9) and c-Jun were downregulated in Gal-1-knockdown cells. Notably, Gal-1 overexpression could significantly decrease the sensitivities of EOC cells to cisplatin, which might be ascribed to Gal-1-induced activation of the H-Ras/Raf/ERK pathway and upregulation of p21 and Bcl-2. Taken together, the results suggest that Gal-1 contributes to both tumorigenesis and cisplatin resistance in EOC. Thus, Gal-1 is a potential therapeutic target for EOC. One of the reasons for the poor survival rate is that most EOC cases are diagnosed at an advanced stage. High-grade serous EOC is frequently associated with intraperitoneal spread and distant metastases. The standard treatment is debulking surgery followed by paclitaxel-and platinum-based chemotherapy. After platinum-based chemotherapy, B25% of patients will develop resistance to the therapeutics within 6 months, 2 and the overall 5-year survival rate is B40%.
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One of the reasons for the poor survival rate is that most EOC cases are diagnosed at an advanced stage. High-grade serous EOC is frequently associated with intraperitoneal spread and distant metastases. The standard treatment is debulking surgery followed by paclitaxel-and platinum-based chemotherapy. After platinum-based chemotherapy, B25% of patients will develop resistance to the therapeutics within 6 months, 2 and the overall 5-year survival rate is B40%. 3 Unfortunately, the mechanisms underlying cisplatin resistance in EOC are not yet fully understood. Galectins are galactoside-binding glycoproteins with a conserved carbohydrate recognition domain. 4 Galectin-1 (Gal-1) is considered to be the prototypical galectins and is expressed in many tumor types such as astrocytoma, melanoma, and prostate, thyroid, colon, bladder, and ovarian cancers. 5, 6 Increasing clinical evidence has confirmed that Gal-1 is involved in cancer progression and is associated with a poor prognosis in head and neck, prostate, lung, and ovarian cancers. [7] [8] [9] [10] [11] Gal-1 participates in tumor progression by evoking immunosuppression through the induction of activated T-cell apoptosis, transformation, angiogenesis, and metastasis. 12, 13 In this study, we investigated the role of Gal-1 in EOC progression and cisplatin resistance and studied the downstream effects of Gal-1 deregulation. We found that Gal-1 was highly expressed in EOC tissues and its tumor levels were positively correlated with clinical stage. Gal-1 can promote the growth, migration, and invasion of EOC cells and their resistance to cisplatin. Furthermore, we revealed that Gal-1 could upregulate c-Jun, matrix metalloproteinase-9 (MMP-9), Bcl-2, and p21 expression, possibly through activation of the H-Ras/Raf/extracellular signal-regulated kinase (ERK) pathway.
Results
Gal-1 overexpression in EOC is associated with poor prognosis. Gal-1 expression has been correlated with poor EOC prognosis. 11 To further confirm this relationship, we analyzed Gal-1 expression in normal human ovary and EOC tissue by quantitative real-time PCR (qRT-PCR) (Figure 1a ), western blotting (Figure 1b) , and immunohistochemistry (Figure 1c ). At the mRNA and protein level, Gal-1 expression was observed in EOC tissues. In contrast, in normal ovarian tissue, little or no Gal-1 expression was observed. Gal-1 expression in early-stage (I-II) and advanced-stage (III-IV) EOC tissues was significantly higher than in normal ovarian tissues (Po0.0001). In addition, Gal-1 expression in advanced-stage (III-IV) was significantly higher than in early-stage (I-II) EOC tissues (Po0.0001) (Figures 1a-c) . Importantly, when EOC patients were divided into two groups according to staining intensity of immunohistochemistry, namely a low expression group (scorer2) and a high expression group (scoreZ3), the progression-free survival (PFS) in the high Gal-1 expression group was shorter than that in the low Gal-1 expression group (P ¼ 0.008) (Figure 2 ).
Gal-1 is involved in EOC cell proliferation, migration, and invasion in vitro. To elucidate the role of Gal-1 in EOC progression, Gal-1 siRNA was used to reduce Gal-1 expression in the human EOC SKOV3ip1 cell line, which has a high level of Gal-1 protein expression (Figure 3a ). Both Gal-1 siRNA1 and siRNA2 significantly reduced Gal-1 expression (Figure 3b ), as well as the proliferation (Po0.01) (Figure 3c ), migration, and invasion of SKOV3ip1 cells (Po0.01) (Figure 3d ). siRNA1 was slightly more effective than siRNA2. To further evaluate whether Gal-1 upregulation could promote tumor proliferation, migration, and invasion, lentivirus-mediated delivery of Gal-1 cDNA was used to increase Gal-1 expression in the human EOC Hey cell line, which has low Gal-1 protein expression (Figure 3a) . Upregulation of Gal-1 expression was observed in Gal-1 infectants (relative to the GFP control) (Figure 3e ). Gal-1 upregulation significantly increased the proliferation (Po0.01) (Figure 3f ), migration, and invasion abilities of Hey cells compared with the GFP control (Po0.01) (Figure 3g ).
Gal-1 upregulates p-Raf-1 and p-ERK expression by interacting with H-Ras in EOC cells. Gal-1 is a critical scaffolding protein and a major regulator of H-Ras nanoclusters, and it contributes to Ras membrane anchorage and tumor transformation.
14 It has been reported that intracellular Gal-1 protein in fresh-frozen specimens from normal human ovary and EOC tissues was detected by western blotting (top); GAPDH was used as a loading control; densitometric quantitation of the western blots is also shown (bottom). (c) Immunohistochemical staining was conducted using an antibody against Gal-1 on paraffin-embedded specimens (top); magnification, Â 200; scale bars, 100 mm; Gal-1 expression levels were quantified according to the immunostaining score (bottom). ***Po0.001
Gal-1 mediates different biological functions through its interaction with H-Ras. 15, 16 Our results showed that Gal-1 downregulation in SKOV3ip1 cells decreased H-Ras, p-Raf-1, and p-ERK expression, whereas Gal-1 upregulation in Hey cells increased H-Ras, p-Raf-1, and p-ERK expression. No significant difference in p-Akt expression was observed with changes in Gal-1 expression (Figure 4a ). To further confirm the interaction of Gal-1 with H-Ras, co-immunoprecipitation followed by western blotting was performed and indicated that Gal-1 directly interacted with H-Ras (Figure 4b ).
Gal-1 promotes EOC cell proliferation, migration, and invasion by upregulating the expression of c-Jun and MMP-9. c-Jun, an important component of the AP-1 complex, is frequently overexpressed in many tumor types and has been confirmed to promote cellular proliferation, migration, and angiogenesis. 17 MMP-9 is expressed in ovarian epithelial tumor cells and has a critical role in cancer invasion and migration. 18, 19 Our results indicated that siRNAmediated Gal-1 downregulation in SKOV3ip1 cells potently reduced the expression of MMP-9 and c-Jun, whereas Gal-1 overexpression in Hey cells increased the expression of MMP-9 and c-Jun (Figures 4c and d) . MMP-2 expression in EOC cells (A2780/CP20) has been shown to be regulated by Gal-1. 11 However, no marked difference in MMP-2 expression was observed in SKOV3ip1 following treatment with Gal-1 siRNA or Hey cells transfected with Gal-1 (Figures 4c and d) .
Gal-1 overexpression in EOC cells enhances their resistance to cisplatin. Gal-1 knockdown has been reported to sensitize lung cancer cells to platinum-based chemotherapy (cisplatin). 16 To investigate the effects of Gal-1 on the chemoresistance of EOC cells, A2780/CP, a well-established cisplatin-resistant cell line, was used to investigate whether Gal-1 participated in the chemoresistance of EOC cells. Both siRNA1 and siRNA2 against Gal Table 3) in these cell lines in a dose-dependent manner. Notably, A2780/CP cells transfected with Gal-1 siRNA1 and Gal-1 siRNA2 were significantly more sensitive to cisplatin than those transfected with control siRNA (Po0.01 or Po0.001). The effect of siRNA1 was slightly better compared with siRNA2, corresponding to their efficacies in Gal-1 suppression. To further confirm the role of Gal-1 in the cisplatin resistance of EOC cells, Hey cells transfected with Gal-1 or GFP were also treated with or without cisplatin. Interestingly, in the presence of cisplatin, Gal-1 transfectants exhibited a lower sensitivity to cisplatin than GFP transfectants (Po0.01) (Figures 5d and e; Supplementary Table 3 
Discussion
In this study, we demonstrated that intracellular Gal-1 could promote EOC progression, chemoresistance to cisplatin, and increase H-Ras, p-Raf-1, p-ERK, MMP-9, c-Jun, p21, and Bcl-2 expression.
Compared with normal ovarian tissues, Gal-1 was overexpressed in EOC tissues and tumor levels of Gal-1 were positively correlated with clinical stage, suggesting that Gal-1 participates in EOC progression. Moreover, a high level of Gal-1 expression correlated with poor prognosis in EOC. Similar results have been reported previously. 11, 20 H-Ras/Gal-1 interactions are essential for the membrane anchorage of H-Ras, and intracellular Gal-1 stabilizes the interactions of H-Ras-GTP with the cell membrane, which then triggers a kinase cascade comprising Raf and ERK. 14, 21 In agreement with these previous findings, our study also demonstrated a direct interaction between Gal-1 and H-Ras in SKOV3ip1 and Hey cells. Furthermore, we observed the activation of Raf-1 and ERK but not the AKT pathway. c-Jun, a transcription factor, has been linked to cell proliferation, tumor cell survival, and apoptosis. Many human tumors exhibit elevated levels of c-Jun expression, and c-Jun activation can be a critical factor for transformation and tumorigenesis. 22 c-Jun protein is activated by a phosphorylation cascade that requires activation of MEK-ERK and JNK. 23 In this study, we found that Gal-1 overexpression upregulated c-Jun expression in EOC cells. Thus, the Gal-1-induced upregulation of p-Raf-1, p-ERK, and c-Jun may be a major contributing factor to the proliferation of EOC cells. MMP-9 proteolytically acts on the extracellular matrix (ECM) and activates signals involved in tumor cell migration and invasion. 24, 25 Studies in ovarian carcinoma cells have shown that ERK1 and ERK2 are important for fibronectin-stimulated invasiveness and MMP-9 secretion. 26 Additionally, activation of ERK leads to increased expression and secretion of MMP-9. 27 In our study, Figure 2 Progression-free survival curves of patients according to the Gal-1 immunostaining score in EOC
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Gal-1 knockdown in SKOC3ip1 cells reduced p-Raf-1, p-ERK, and MMP-9 expression, whereas Gal-1 overexpression in Hey cells upregulated p-Raf-1, p-ERK, and MMP-9 expression. Taken together, these data suggest that intracellular Gal-1 promotes EOC cell invasion and migration possibly through the Raf-1/ERK/MMP-9 pathway. Further experiments are needed to confirm the link between Gal-1 effects on EOC cell invasion and migration and Gal-1 modulation of the Raf-1/ ERK/MMP-9 pathway. Cisplatin-based chemotherapies are used as the first-line treatment for ovarian cancers. Although there is often a high responsiveness at first, the majority of patients eventually progress with platinum-resistant disease. Cytoplasmic p21 expression is related to drug resistance in several cancers. 28 Additionally, ERK activation has been strongly implicated in p21 induction. 29 The proto-oncogene Bcl-2 has been discovered in several tumors as a critical regulator of apoptosis. [30] [31] [32] [33] Among the Bcl-2 protein family members, it has been repeatedly shown that Bcl-2 overexpression delays the onset of apoptosis induced by several cytotoxic drugs. Substantial research has shown that downregulation of Bcl-2 expression can recover the sensitivity of cancer cells to anticancer drugs. 34 Activation of the ERK pathway can also protect pancreatic tumor cells from apoptosis by regulating the expression of Bcl-2. 35 Here, we found that Gal-1 knockdown sensitized EOC cells to cisplatin, whereas Gal-1 overexpression reduced the sensitivity of EOC cells to cisplatin. Moreover, Gal-1 knockdown reduced the expression of H-Ras, The role of Gal-1 in EOC P Zhang et al p-Raf-1, p-ERK, p21, and Bcl-2. In contrast, Gal-1 overexpression activated the H-Ras/Raf-1/ERK pathway and upregulated the expression of p21 and Bcl-2. Together, these data indicate that Gal-1 contributes to cisplatin resistance in EOC cells, which might be ascribed to Gal-1-mediated activation of the H-Ras/Raf-1/ERK pathway. Further experiments are needed to confirm the link between Gal-1 effects on cisplatin resistance, H-Ras pathway and p21 and Bcl-2.
In conclusion, our findings suggest that Gal-1 is an important player in the malignancy of EOC cells by promoting cell proliferation and invasion. Additionally, Gal-1 is involved in cisplatin resistance in EOC cells. Our data indicate that Gal-1 induces activation of the H-Ras/Raf-1/ERK pathway and has an important role in EOC progression and cisplatin resistance. Thus, Gal-1 may be considered as a potential therapeutic target for delaying EOC progression and increasing cisplatin sensitivities.
Materials and Methods
Cell culture. The human EOC cell lines SKOV3, SKOV3ip1, CAOV3, and Hey and the cisplatin-resistant EOC cell line A2780/CP were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA). All cell lines were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum and antibiotics in a humidified atmosphere of 95% air and 5% CO 2 at 371C.
Clinical samples. Fresh-frozen specimens of human normal ovary tissues (n ¼ 17) and primary EOC tissues (n ¼ 82) obtained along with written informed consent and pathology reports from the Obstetrics and Gynecology Hospital of Fudan University (Supplementary Table 1 ) were used for qRT-PCR and western blotting. Paraffin-embedded specimens of normal human ovaries (n ¼ 10) and EOC tissues (n ¼ 69) obtained from the Obstetrics and Gynecology Hospital of Fudan University (Supplementary Table 2 ) were used for immunohistochemistry. Sample collection was performed after receiving approval from the institutional ethics review committee of the Obstetrics and Gynecology Hospital of Fudan University. No patient had undergone chemotherapy before surgery. Surgical evaluation was used to determine the clinical stage and presence of metastases, whereas histopathologic analysis was performed by gynecologic pathologists to assess cancer type and grade.
Immunohistochemistry. To assess Gal-1 expression in tumors, formalinfixed, paraffin-embedded tumor tissues were immunostained using Gal-1 antibody (Santa Cruz, CA, USA). After deparaffinization and rehydration, the tissue sections were incubated with 3% H 2 O 2 in methanol to quench endogenous peroxidase activity. The sections were blocked for 30 min with 1% bovine serum albumin and incubated overnight with the primary antibody at 41C. Sections were then washed with PBS and incubated with an HRP-conjugated secondary antibody for 45 min. The products were visualized using a diaminobenzidine staining kit (Tiangen Biotech, Beijing, China) and counterstained in hematoxylin. All the sections were observed and photographed with an Axioskop 2 microscope (Carl Zeiss, Oberkochen, Germany). To evaluate Gal-1 expression, yellow cytoplasmic staining was considered as positive. Staining intensity was assigned a score as follows: 0, no staining; 1, weak intensity; 2, moderate intensity; 3, high intensity; and 4, very high intensity.
Quantitative real-time PCR. Total RNA was extracted with the TRIzol Kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. qRT-PCR was performed using a SYBR Green PCR kit (TaKaRa, Otsu, Japan), according to the manufacturer's instructions. The primer sequences used were as follows: Gal-1 forward primer 5 0 -CTCCTGACGCTAAGAGCTTCG-3 0 , reverse primer 5 0 -CCAGGCTGGAAGGGAAAGAC-3 0 ; GAPDH forward primer 5 0 -CC TGGCACCCAGCACAAT-3 0 , reverse primer 5 0 -GGGCCGGACTCGTCATCG-3 0 .
Gal-1 knockdown with siRNA. Gal-1 siRNA oligonucleotides were transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. The sequence of Gal-1 siRNA1 was 5 0 -UUGCUGUUGCACACGAUGGUGUUGG-3 0 . The sequence of Gal-1 siRNA2 was 5 0 -GCUGCCAGAUGGAUACGAAUUTGGA-3 0 .
Lentivirus production and transduction of target cells. The Gal-1 sequences were amplified by PCR, confirmed by sequencing, and then inserted into a pWPT vector (a generous gift from Dr T Didier, University of Geneva, Geneva, Switzerland) by replacing GFP to generate pWPT-Gal-1. To produce virus particles, 20 mg of pWPT-Gal-1 was transfected with 15 mg of packaging plasmid psPAX2 and 5 mg of G protein of the vesicular stomatitis virus (VSV-G) envelope plasmid pMD2.G (generous gifts from Dr T Didier) into 293T cells using a calcium phosphate transfection system. Hey cells were transduced with recombinant lentiviral particles to produce polyclonal cells with stable expression of Gal-1 and confirmed by western blotting.
In vitro cell proliferation assay. The effect of the test agents on cell viability was assessed with the CCK-8 assay as previously described. 36 Three independent experiments were performed.
Apoptosis assays in EOC cell lines. Apoptosis was assessed using an Annexin V-coupled fluorescein isothiocyanate (FITC) apoptosis detection kit-1 (BD Pharmingen, San Diego, CA, USA). A2780/CP Gal-1 siRNA and A2780/CP control siRNA cells were incubated for 72 h alone with varying concentrations of cisplatin (each at 0, 0.3125, 0.625, and 1.25 mg/ml). Briefly, cells were removed from a six-well plate by incubation with trypsin-EDTA, washed twice in PBS, and resuspended in 1 ml of Annexin V-binding buffer at 10 6 cells/ml. Annexin V-coupled FITC and propidium iodide were added (each at 5 ml per 10 5 cells). Samples were mixed gently, incubated for 15 min at room temperature in the dark, and then subjected to flow cytometry to evaluate the number of apoptotic cells. All experiments were repeated at least three times.
Immunoprecipitation and western blotting. The supernatant from whole-cell lysates was harvested and immunoprecipitated using the indicated primary antibodies or non-specific IgG as a negative control, which was precleared by protein G magnetic beads at 41C overnight. Proteins were separated on 10 or 12% SDS-PAGE gels and transferred onto nitrocellulose membranes (Bio-Rad, Hercules, CA, USA). The following antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA): mouse anti-human Gal-1, rabbit anti-human H-Ras, rabbit anti-human ERK, mouse anti-human p-ERK, rabbit anti-human c-Jun, mouse anti-human MMP-9, rabbit anti-human p21, rabbit antihuman Bcl-2, and rabbit anti-human Raf-1 antibodies. Rabbit anti-human p-AKT (Ser473), rabbit anti-human p-Raf-1 (Ser338), and rabbit anti-human MMP-2 antibodies were purchased from Cell Signaling (Danvers, MA, USA). The mouse anti-GAPDH antibody was purchased from KangChen Bio-tech (Shanghai, China). All experiments were repeated at least twice.
Transwell migration and invasion assay. Cell migration and invasion were gauged using a Transwell migration assay and a Matrigel invasion assay (8 mm pore size; BD Falcon, San Jose, CA, USA) as previously described. 37 Immunofluorescence staining. Immunofluorescence staining was performed on cultures after fixing the cells in methanol for 15 min. Non-specific binding was blocked with a 5% BSA-phosphate buffer solution for 1 h. The cells were then incubated with rabbit polyclonal antibodies specific for p21 diluted at 1 : 100 in blocking buffer overnight at 41C. After washing with PBS, the cells were incubated with secondary antibodies diluted at 1 : 500 in blocking buffer for 2 h at room temperature. The cells were washed with PBS and incubated with DAPI for 10 min at room temperature. Images were obtained on a confocal microscope (Carl Zeiss, Oberkochen, Germany).
Statistical analysis. All data are presented as the mean±SD. The data were examined using analysis of variance (ANOVA) and the least significant differences method for multisample comparisons or Student's t-test for twosample comparisons. Pearson's chi-square test and Fisher's exact test were used to assess the statistical significance of the association between Gal-1 expression and clinicopathologic parameters. Kaplan-Meier curves were plotted to assess the effects of Gal-1 expression on PFS. Survival curves were compared using the log-rank test. Po0.05 was considered as statistically significant.
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